Induction by low temperature is a common feature of the lip19 subfamily members of the basic region leucine zipper gene family in plants. Here, we characterize two tobacco (Nicotiana tabacum) genes, tbzF and tbz17, belonging to the lip19 subfamily, whose gene products, TBZF and TBZ17, show 73% identity and are located in nuclei. They preferentially bind to DNA fragments spanning A-box/G-box and C-box/G-box hybrid motifs and show transactivation activity in cobombarded tobacco BY-2 cells, indicating they function as transcriptional activators. Transcripts of tbzF were detected at a high level in senescing leaves and flowers. In contrast, tbz17 transcripts could be shown to accumulate in aged leaves but not in flowers. In situ hybridization analysis revealed transcripts of tbzF and tbz17 to be predominantly located in guard cells and vascular tissues of senescing leaves. These results suggest that TBZF and TBZ17 are both involved in controlling gene transcription related to functions of guard cells in senescing leaves and that TBZF bifunctionally acts in floral development.
Induction by low temperature is a common feature of the lip19 subfamily members of the basic region leucine zipper gene family in plants. Here, we characterize two tobacco (Nicotiana tabacum) genes, tbzF and tbz17, belonging to the lip19 subfamily, whose gene products, TBZF and TBZ17, show 73% identity and are located in nuclei. They preferentially bind to DNA fragments spanning A-box/G-box and C-box/G-box hybrid motifs and show transactivation activity in cobombarded tobacco BY-2 cells, indicating they function as transcriptional activators. Transcripts of tbzF were detected at a high level in senescing leaves and flowers. In contrast, tbz17 transcripts could be shown to accumulate in aged leaves but not in flowers. In situ hybridization analysis revealed transcripts of tbzF and tbz17 to be predominantly located in guard cells and vascular tissues of senescing leaves. These results suggest that TBZF and TBZ17 are both involved in controlling gene transcription related to functions of guard cells in senescing leaves and that TBZF bifunctionally acts in floral development.
The control of transcription is mediated through recognition of cis elements by transcription factors (Meshi and Iwabuchi, 1995; Yanagisawa, 1998) , classified into several groups on the basis of structural motifs. One of the major families of transcription factors is constituted by the basic region Leu zipper (bZIP) proteins (Landschulz et al., 1988; Hurst, 1994) . Genome analysis of Arabidopsis resulted in an estimate that this organism contains almost 100 bZIPencoding genes (Riechmann and Ratcliffe, 2000) .
Within the bZIP gene family in plants, the lip19 subfamily consists of rice lip19 (Aguan et al., 1993) , maize mlip15 (Kusano et al., 1995) and OBF1 (Singh et al., 1990) , radish rlip (Ito et al., 1999) , 910 and 911 from snapdragon (Antirrhinum majus; Martínez-García et al., 1998) , and tobacco (Nicotiana tabacum) tbz17 (Kusano et al., 1998) . These are all characterized by up-regulation of transcript levels upon exposure to low temperature. The snapdragon genes, 910 and 911, are expressed in flowers, predominantly in vascular tissues, carpels, and anthers (Martínez-García et al., 1998) . OBF1 of maize was first identified as a gene encoding a binding factor to the ocs element found in the promoter region of the octopine synthase gene of the Agrobacterium tumefaciens T-DNA (Singh et al., 1990) and demonstrates a gradient in transcript levels in developing leaves. In the basal portions, which contain dividing and differentiating cells, the OBF1 transcript level is 40-to 50-fold higher than in apical portions, where the cells are fully differentiated. This indicates developmental control. We have found that levels of mlip15 transcripts in maize increase with leaf aging (Berberich et al., 1999) , indicating regulation not only by environmental factors but also by developmental cues. In order to examine whether this feature is generalized in other plant species, particularly in dicots, we analyzed two tobacco genes: tbz17, a counterpart of lip19, and tbzF, a second tobacco member of the lip19 subfamily.
In this report, we describe that levels of tbzF and tbz17 transcripts are up-regulated in senescing leaves and that their transcripts are restricted to stomatal guard cells. Molecular features of the products of these genes are also presented.
RESULTS

Isolation of tbzF
During the course of investigation of transcript accumulation of tbz17 with developmental growth, slightly larger transcripts were detected on northern hybridization using the tbz17 cDNA as a probe. These larger transcripts were observed in a fraction of flowers (data not shown), suggesting the presence of another tbz17 homolog in tobacco. For identification, a tobacco cDNA library derived from flowers was screened with the tbz17 probe. All positive clones obtained originated from a gene distinct from tbz17 and designated as tbzF (tobacco bzip protein in flower). The nearly full-length tbzF cDNA was 1,099 bp and contained an open reading frame (ORF) of 435 bp encoding a 144-amino acid protein (termed TBZF) with a relative molecular mass of 16.6 kD. Pairwise identities between TBZF and other lip19 subfamily members were found to be 73% (TBZ17), 72% (rdLIP), 60% (Am910), 57% (Am911), 52% (LIP19), and 46% (mLIP15) (Fig. 1A) . Construction of a phylogenic tree indicated TBZF belongs to the lip19 subfamily (Fig. 1B) , characterized by small size, OBF1 being the largest at 151 amino acids, with eight to nine heptad Leu repeats (Fig. 1A) .
Nuclear Localization
To examine the cellular localization of TBZF and TBZ17 proteins, cauliflower mosaic virus (CaMV) 35S promoter tbzF::GFP and CaMV 35S promoter tbz17::GFP genes were constructed and biolistically bombarded into onion (Allium cepa) epidermal cells. The fluorescent signals derived from these constructs were observed exclusively in nuclei (Fig. 2) .
DNA Binding Specificity and Transcriptional Activation
To determine the target DNA sequences of TBZF and TBZ17 homodimers in vitro, random binding site selection assay was performed (Kosugi and Ohashi, 2000) . With repeated selection assay, the target sequences were enriched. TBZF and TBZ17 preferred sequences contained an A/G-hybrid box (5Ј-TACGTG-3Ј) and a C/G-hybrid box (5Ј-GACGTG-3Ј) (data not shown). Using one of each of the enriched A/G-and C/G-hybrid box sequences, electrophoretic mobility shift assays were performed. TBZF and TBZ17 bound to the A/G-and C/G-hybrid box sequences, but not to their mutated sequences (Fig. 3) .
When these A/G-and C/G-hybrid box sequences were fused to the CaMV Ϫ46 minimal promoter driving the luc (luciferase) reporter gene and cobombarded with TBZF-and TBZ17-producing effector plasmids into tobacco BY-2 cells, expression of the reporter genes was enhanced approximately 14-to 16-fold (Fig. 4) . Three versions of truncated TBZF derivatives, including those with a deletion of 10 amino acids in the C terminus, demonstrated diminished transactivation activity (data not shown). In the case of mutated TBZ17, which lacks the aminoterminal half (TBZ17-⌬78), activation activity of about 90% of the full-length protein was still retained. Further truncation to ⌬99 or a 10-amino acid truncation at the C terminus reduced the activity to about 50% of the control (data not shown). Almost identical results were obtained with a yeast system (data not shown). These results indicate that TBZF and TBZ17 proteins efficiently bind A/G-and C/Ghybrid sequences and that they are transcriptional activators, for which their most carboxy-distal 10 amino acids are essential, although the C-terminal alone is insufficient for transactivation.
Stress and Hormonal Responses
Rice lip19 was first identified as a low-temperatureresponsive gene (Aguan et al., 1993) . To address the responses of tbz genes to abiotic stress, northern hybridization analysis was performed. The tbzF transcripts were profoundly up-regulated by 4°C exposure for 6 h ( Fig. 5 ), but heat shock had no effect. Drying for 1 h up-regulated tbzF expression, but high salt did not induce transcripts. In contrast, tbz17 was mildly up-regulated by low temperature, whereas other treatments were without obvious influence (Fig.  5A ). Investigation of effects of phytohormones demonstrated tbzF and tbz17 transcripts to be up-regulated by ethylene, IAA, and JA, but not by BA (Fig. 5B ).
Transcript Accumulation in Senescing Leaves and Flowers
Developmental change in tbzF and tbz17 transcript levels was analyzed in matured tobacco plants bearing flower buds. In flowers, the tbzF mRNA expression was high, whereas that of tbz17 was low. In roots, tbzF transcripts were detected at low levels, whereas tbz17 transcripts were absent (Fig. 6 ). In leaves, the levels of tbzF and tbz17 transcripts were inversely proportional to the chlorophyll content (Fig. 6 ). The results indicate both tbzF and tbz17 to be novel senescense-associated genes.
Accumulation of tbzF Transcripts in Floral Organs
Monitoring of tbzF transcripts during flower development by northern analysis revealed a constant presence until the stage 6 of full expansion of petals, but just after petal shrinkage (stage 7) levels rapidly decreased (Fig. 7A ). Transcripts of tbzF were ubiquitously detected in all flower organs except pistils (Fig. 7B ). In situ RNA hybridization clearly showed that the temporal and spatial accumulation of tbzF transcripts were mainly in sepals, petals, stamens, ovaries, and pistils (Fig. 7C ). Some signals were also detected in the vascular tissues of the sepals and the stems of the young inflorescence.
Predominance of Transcripts in Guard Cells
To test spatial expression of tbzF and tbz17 in senescing leaves, in situ RNA hybridization was performed. With antisense probes, very intense signals were observed for both tbzF and tbz17 in guard cells of senescing leaves, whereas only background levels of signals were detected in mesophyll cells. Their transcripts were detected in both abaxial and adaxial stomatal guard cells (Fig. 8, c, d, i, and j) , and also within the epidermal cell layer of mature leaves, Figure 1 . A, Amino acid sequence alignment of TBZF and LIP19 subfamily proteins. Identical residues are highlighted in black and similar residues in gray. Dashes were introduced to maximize the alignment. A basic region and the positions of heptad Leu residues are indicated by hooked line and asterisks, respectively. TBZF (this paper), rdLIP (accession no. AB005187; Ito et al., 1999) , TBZ17 (accession no. D63951; Kusano et al., 1998) , Am910 (accession no. T17108), Am911 (accession no. T17110; Martínez-García et al., 1998), LIP19 (accession no. X57325; Aguan et al., 1993) , mLIP15 (accession no. D26563; Kusano et al., 1995) , and OBF1 (accession no. X62745; Singh et al., 1990 ) are used for multi-alignment. B, Phylogenic tree of plant bZIP proteins. Trees were built using Clustal X program (Thompson et al., 1997) and visualized by a TreeView program (Page, 1996) . Accession nos. are as follows: AtGBF1-3 (accession nos. X63894-X63896), CPRF1-3 (accession nos. X58575-X58577), EmBP1 (accession no. P25032), GBF1 (accession no. U10270), HALF1 (accession no. D64051; 1996), HBP1a (accession no. X56781), HBP1b (accession no. X56782), HY5 (accession no. AB005456), OHP1 (accession no. L00623), Opaque 2 (accession nos. X15544 and M29411), OSBZ8 (accession no. U42208), PG13 (accession no. M62855), PosF21 (accession no. X61031), RITA1 (accession no. L34551), STF1 (accession no. L28003), TAF1 (accession no. X60363), TGA1a (accession no. S05452), TGA1b (accession no. S05453), and VSF1 (accession no. X73635). LIP19 subfamily was squared and TBZF was highlighted by bold type. The bar corresponds to 0.1 Jukes-Cantor substitutions per nucleotide.
although signals were much weaker. Consistent with the northern results (Fig. 6) , very low signals were detected in young leaves (Fig. 8, a, b, g, and h ). We further confirmed the guard cell-specific expression of tbzF and tbz17 using horizontal cross sections of mature leaves (Fig. 8, e , f, k, and l).
DISCUSSION
Most members of the lip19 subfamily are characterized by low temperature induction, and transcripts of tbzF and tbz17 also accumulate at low temperature. In addition to this stress response, expression was found to be positively controlled with leaf development, abundance inversely correlating with the total chlorophyll content in leaves (Fig. 6 ). It should be emphasized that these bZIP genes are senescence-associated (Smart, 1994) and that our study revealed transcripts of tbzF and tbz17 to be predominantly expressed in guard cells of senescing leaves. To our knowledge, this is the first report of such preferential expression of bZIP-type transcription factor-encoding genes. Arabidopsis TGA6, encoding a bZIP protein of the TGA (TGACG sequence-specific binding protein) family, is expressed in aging cotyledons, vascular tissue and trichomes of senescing rosette leaves, in lateral roots, and in mature pollen grains, but not in guard cells (Xiang et al., 1997) . In the case of tbzF, predominant expression in vascular tissues and trichomes in petals and sepals of flowers was also observed. Martínez-García et al. (1998) pointed out that lip19 subfamily members have a conserved upstream ORF (uORF) in their 5Ј leader sequences and suggested a common mode of posttranscriptional control. This feature was also observed in both tbzF and tbz17 cDNAs. tbzF and tbz17 contain uORFs of 25 and 28 amino acids, respectively, and the uORFs show high identity to those of other lip19 subfamily members.
From our results, TBZF, the product of a novel bZIP gene from tobacco, binds to hybrid sequences of A-box/G-box and C-box/G-box motifs and can function as a transcriptional activator. TBZ17, the product of the previously isolated tobacco member of the lip19 subfamily, shows 73% identity to TBZF and has a similar DNA binding specificity and potential for transactivation. Snapdragon bZIP proteins, 910 and 911, prefer DNA sequences containing a hybrid C-box/G-box motif (Martínez-García et al., 1998) , and the products of the lip19 subfamily may bind primarily to hybrid sequences of C-box/G-box and/or A-box/G-box motifs when they take a homodimer form. As a worldwide effort, DNA sequences of the Arabidopsis genome have been completely determined. A search for TBZF-and TBZ17-recognizing sequences on Arabidopsis chromosomes II and IV reveals that there are approximately 700 sites on each, under the condition of monitoring regions within 1 kb 5Ј upstream of each gene. Therefore, it is difficult to predict target genes for TBZ proteins only through genomic sequence information. However, another cue could be obtained from their specific expression in guard cells.
Stomatal guard cells are highly specialized and differentiated plant cells that play a critical role in metabolism by modulating gas exchange in photosynthetic tissues. They respond to various endogenous and exogenous signals such as light, humidity, CO 2 concentration, and hormones (Assmann, 1993) , and a sophisticated gene network is likely to be essential to control the metabolism of the stomatal complex, although our knowledge is as yet quite limited (Mü ller-Rö ber et al., 1998). With the aim of obtaining insights into this system, construction of a guard cell-specific cDNA library and massive DNA sequencing of the expressed clones have been started (Kopka et al., 1997; Kwak et al., 1997) . Genes expressed in guard cells can be classified into at least four groups. The first encodes signal transduction components, such as AAPK (ABA- Figure 3 . In N46 Lucϩ, the luciferase gene (luc) is placed downstream of the CaMV Ϫ46 minimal promoter (Ϫ46). B, Transactivation activity assays of TBZF and TBZ17. Effector, reporter, and reference plasmids were cobombarded into BY-2 cells by a particle delivery system (PDS-1000 He, Bio-Rad, Hercules, CA). After 18 h of incubation at 26°C, LUC (luciferase) and GUS activities were determined. LUC/GUS ratio obtained by a combination of pBI221-Del GUS and N46A/G-W ϫ4 Lucϩ was set as 1.0 and the relative LUC/GUS values obtained from three independent experiments in duplicate assays were calculated with SEs. Figure 5 . Response of tbzF and tbz17 genes in tobacco plants subjected to several abiotic stresses and hormonal treatments. Tobacco seedlings were subjected to abiotic stresses and hormone treatment as described in "Materials and Methods." A, Control (Cont), 4°C, abscisic acid (ABA), 0.2 M NaCl treated (NaCl), air dried (Dro), and heat shocked (42°C). B, Ethylene treated (Ethyl), benzyladenine (BA), indole-3-acetic acid (IAA), and jasmonic acid (JA).
and a kind of dehydrin gene, tas14 (Parra et al., 1996) . Among the four, the last group seems to provide the most likely candidates as targets of TBZF or TBZ17 because kin1 and cor6.6 are also responsive to low temperature (Kurkela et al., 1990; Gilmour et al., 1992) . Furthermore, transgenic plants with kin1 and cor6.6 promoter-␤-glucuronidase (GUS) constructs demonstrate strong GUS activity in guard cells, pollen, and trichomes, which increased with leaf age (Wang and Cutler, 1995) . The expression pattern of tbzF and tbz17 described here is strikingly similar to those of Arabidopsis kin1 and cor6.6 genes. Whereas induction of the latter genes by cold and drought has been explained by an interaction between a DRE (dehydrationresponsive element)/C-repeat element and DREBP (DRE binding protein)/CBF1 (C-repeat/DRE binding factor 1) protein (Stockinger et al., 1997; Liu et al., 1998) , cooperation between these regulatory factors and TBZ proteins in regulation of kin1 and cor6.6 gene expression is possible.
What could be the function of tbzF/tbz17 in guard cells of senescing leaves? One of the distinct features of guard cells is that they are the only cell type in the leaf epidermal cell layer that contains chloroplasts and are therefore photosynthetically active. It could be possible that tbzF/tbz17 expression is associated with the loss of photosynthetic activity in these specialized cells during leaf senescence. On the other hand, stomata of senescing leaves remain operable well after the mesophyll cells of the leaf have turned yellow (Willmer and Fricker, 1996) . It is also probable that TBZF/TBZ17 may play a role in senescence retardation in guard cells enabling these cells to respond to environmental and endogenous stimuli, although the rest of the leaf tissue is reprogrammed for degradation. The products of tbzF and tbz17 may activate unidentified genes that function to retain cellular activity in senescing and cold-stressed guard cells and/or vascular tissues of flowers, although it remains to be clarified whether their expression is up-regulated in guard cells upon exposure to low temperature. Figure 6 . Tissue-specific expression of tbzF and tbz17 in a mature tobacco plant. Tobacco plant was grown in a greenhouse. Various tissues, including seven different positions of leaves, young flower buds, and roots of a tobacco plant, were harvested at approximately 12 AM on a sunny day and kept at Ϫ80°C until use. A, Chlorophyll a (black bar) and b (white bar) contents of various tissues were measured as described in "Materials and Methods." B, Total RNAs were also extracted from the same tissues and the abundance of tbzF and tbz17 transcripts were estimated by northern hybridization using the respective 3Ј-untranslated regions. The same filter was subsequently hybridized with the tobacco actin cDNA (actin; Thangavelu et al., 1993) to ensure equal sample loading. 
MATERIALS AND METHODS
Plant Materials and Various Treatments
Tobacco (Nicotiana tabacum L. cv Xanthi) seeds were surface sterilized for 10 min in a 1% (v/v) NaClO solution Flower-and Guard Cell-Associated Basic Region Leu Zipper Genes in Tobacco unless described otherwise. Plants were then transferred into a compound soil mixture of metromix/vermiculite/ perlite (2:1:1) in a growth chamber (TOMY, Tokyo) with a 16-h-light/8-h-dark cycle and a temperature of 25°C. Stress and hormone application was with tobacco seedlings. For treatments directed to roots, the agar was carefully removed and the plants were transferred to liquid one-halfstrength Murashige and Skoog medium and maintained for another 2 d under the same conditions before the start of any treatment. In the case of hormone treatments, ABA (20 m), BA (20 m), JA (20 m), or IAA (20 m) was added to the one-half-strength Murashige and Skoog medium. For salt treatment, NaCl was added from a stock solution to the medium to give a 0.2 m final concentration. For ethylene treatment, plants were exposed to 10 L L Ϫ1 ethylene gas in special glass containers. At each time point, second and third leaves from the tops of two plants were harvested, frozen in liquid nitrogen, and stored at Ϫ80°C until use.
Isolation and Characterization of a tbzF cDNA Clone
A tobacco cDNA library from young flower buds was screened with the entire coding region of tbz17 cDNA as a probe under standard hybridization conditions as described earlier (Sambrook et al., 1989) . Nucleotide sequences were determined by the dideoxy chain termination method (Sanger et al., 1977) and assembled and analyzed with the SDC-GENETYX genetic information processing program (Lipman and Pearson, 1985 ; Software Development Co., Tokyo). Comparison with sequences in nonredundant databases was achieved with the BLAST program on network servers (Altschul et al., 1990) . The nucleotide sequence reported in this paper has been submitted to EMBL, GenBank, and DDBJ under accession no. AB032478.
Construction of Green Fluorescent Protein (GFP) Fusion Plasmids and Fluorescence Microscopy
Entire coding region fragments for tbzF and tbz17, sandwiched with XbaI and KpnI sites, were subcloned into pGFP2 (provided by Nam-Hai Chua and Pius Spielhofer, Rockefeller University, NY), resulting in pTBZF::GFP and pTBZ17::GFP, respectively. These plasmids encode fusion proteins with truncated TBZF and TBZ17 at the N-terminal portion and GFP at the C-terminal portion. Onion bulbs cut into 9 cm 2 were biolistically bombarded, as described previously (Hara et al., 2000) , with gold particles (Bio-Rad) coated with the plasmids pGFP2, pTBZF::GFP, or pTBZ17::GFP. After 6-h incubation at room temperature in complete darkness, the epidermal cell layers were viewed using a microscope (PROVIS AX70, Olympus, Tokyo) equipped with a fluorescence module.
EMSA
The following oligonucleotides, A/G-hybrid (60 mer, 5Ј-GGCTTACGTGGGGCA-3Ј ϫ4), C/G-hybrid (60 mer, 5Ј-TGGGGACGTGGCAGA-3Ј ϫ4), mutated A/G-hybrid (60 mer, 5Ј-GGCTTTCGAGGGGCA-3Ј ϫ4), mutated C/Ghybrid (60 mer, 5Ј-TGGGGTCGAGGCAGA-3Ј ϫ4), and their complementary oligonucleotides were synthesized, phosphorylated with [␥-32 P]ATP and T4 polynucleotide kinase, annealed, and used as probes in EMSA. EMSA was performed as described (Kusano et al., 1995) using glutathione S-transferase-fused TBZF and TBZ17 proteins produced in Escherichia coli JM109.
Assay for Transactivation Activity
Plasmid N46 Lucϩ, in which CaMV 35S Ϫ46 minimal promoter was placed upstream of the luc reporter gene, was constructed as follows: two primers (5Ј-GGGAAGCT TAAGCTCGAGATCTCGCAAGACCCTTCCTCTATATAA GGAAGTTCAT-3Ј and 5Ј-CGTACCATGGTCTAGACAG CGTGTCCTCTCCAAATGGAAATGAACTTCCTTATATA G-3Ј) were annealed and filled in with dNTPs and Klenow fragment, then digested with HindIII and NcoI. The resulting HindIII-NcoI fragment was subcloned into the respective sites of 221-Lucϩ (Matsuo et al., 2001 ) to create N46 Lucϩ. Four reporter plasmids, A/G-W ϫ4 Lucϩ and C/G-W ϫ4 Lucϩ and their mutated derivatives, mA/G-M ϫ4 Lucϩ and mC/G-M ϫ4 Lucϩ, were constructed as follows. The primer pairs of 60 bp described above were phosphorylated, annealed, and cloned into HincII site of pBlueScript II SK Ϫ , and the respective recombinant plasmids were digested with HindIII and XhoI. The resulting HindIII-XhoI fragments were subcloned into the N46-Lucϩ vector. GUS gene of the pBI221 (CLONTECH Laboratories, Palo Alto, CA) was replaced with the XbaI-SacI DNA fragments covering TBZF-and TBZ17-coding regions, resulting in pBI221-TBZF and pBI221-TBZ17. In case of pBI221-DEL GUS, the XbaI-SacI fragment derived from the multicloning sites of the pBlueScript II SK Ϫ was inserted instead of GUS gene of the pBI221. The reference plasmid pRTL2-GUS (Restrepo et al., 1990) , which contains a GUS gene under a control of CaMV 35S dual promoter, was used to normalize for the efficiency of bombardment.
Tobacco BY-2 cells were maintained as described (Nagata et al., 1981) . Five-day-old BY-2 cells (2 mL) after subculture were spread on 3% (w/v) agar plates and briefly allowed to dry to remove excess liquid. After bombardment, cells were harvested with 2 mL of liquid medium, transferred to a flask, and then incubated at 26°C with gentle agitation. Protein concentrations were measured using a Protein Assay kit (Bio-Rad) and luciferase activity with a PicaGene kit (Toyo Ink Co. Ltd., Tokyo). The GUS assay was carried out using an AURORA GUS assay kit (ICN Pharmaceuticals, CA) and chemical luminescence was measured with a luminometer (Lumat LB9507, Berthold, Bad Wildbad, Germany).
Chlorophyll Assays
Chlorophyll a and b content was measured spectrophotometrically by the method of Lichtenthaler (1987) . Chlorophylls were extracted with acetone, and absorbance was recorded at 664 nm and 647 nm.
